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Abstract1

In waste-to-energy plants, the determination of the flue gas flow rate in the post-2

combustion section is of the utmost importance, e.g., for the verification of the com-3

pliance to the minimum residence time requirements (tres > 2s) or for the control of4

flue gas treatment reactant injection, but the harsh conditions (high temperature and5

content of pollutants) do not allow for a direct measurement. The present work reports6

an experimental assessment of an indirect approach to estimate the flue gas flow rate7

in the post-combustion section of a rotary kiln plant with reduced uncertainty. This8

method consists on the direct measurement of the flow rate at a “colder” section of9

the plant (the boiler outlet) combined to the simultaneous measurements of flue gas10

composition measurements upstream and downstream of the boiler. From these mea-11

surements it is then possible to determine the mass of false air and to retrieve the actual12

flue gas flow-rate in the post-combustion chamber. A massive experimental campaign13

has been conducted at a full-scale medical waste incinerator, in which flue gas flow rate14

was estimated at different waste loads and ambient conditions. The results show that15
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the percentage of false air can be significant and simply neglecting it can lead to sub-16

stantial under-performance of the plant. Issues related to the practical implementation17

of the methods are illustrated in detail and the possibility to extend the methodology18

towards an online determination of post-combustion flue gas flow rate is discussed.19

Keywords20

Waste combustion, Fluid dynamics, residence time, Experimental campaign, PCDD21

1. Introduction22

Increasing restrictions on emissions and more ambitious targets on energy recovery23

are driving waste-to-energy (WtE) plants towards higher levels of process optimization24

(De Greef et al. 2013); (Eboh et al. 2019,Liu et al. 2020). To this purpose, modern25

facilities typically collect hundreds of process data via a wide array of sensors and26

measuring devices (Birgen et al. 2021). The diffusion of data mining approaches has27

significantly improved the capability to harness this wealth of information to improve28

the control of process operation (Bacci di Capaci et al. 2022, Dal Pozzo et al. 2021,29

Magnanelli et al. 2020).30

In this framework, a quantity of great interest is the flue-gas flow-rate (FGFR) gen-31

erated by waste combustion in the chamber of a grate furnace or in the post-combustion32

chamber of a rotary kiln. The latter is of special interest because of the restrictive norms33

that regulate the residence time of the flue-gas. In terms of process control, having an34

accurate direct or indirect online measurement of the FGFR may significantly improve35

the control of the feed-rate of reactants injected directly in the combustion chamber36

for flue gas cleaning, e.g. the furnace injection of dolomitic sorbents (Biganzoli et al.37

2015, Dal Pozzo et al. 2020). With respect to the compliance to environmental regu-38

lations, in Europe a minimum residence time of 2 s at 850°C is required for flue gas39

2



resulting from waste incineration (Directive 2010/75/EU), to ensure the full thermal40

destruction of organo-halogenated compounds either released by the waste or formed41

in low-temperature spots during combustion (Chen et al. 2015; Caneghem et al. 2014).42

Clearly enough, in order to monitor the compliance with this requirement, FGFR needs43

to be evaluated.44

Measurement of WtE FGFR is mandatory at the stack of the plant, but this value45

might significantly differ from the FGFR generated in the combustion chamber as a46

consequence of air infiltration in the boiler and in the flue gas cleaning line (Dzurňák47

et al. 2020). Further uncertainties may derive from the variation in the water vapour48

concentration in flue gas, depending on the use of wet techniques for flue-gas treatment49

(Dal Pozzo et al. 2018, Poggio & Grieco 2010). One possible approach is to simply50

disregard this contamination and make a conservative estimation of the residence time51

based on stack data. However, if the extent of false air is significant, this assumption52

can be overly conservative and it can lead to a sub-optimal management of the plant53

and/or, ultimately to tensions between the plant operator, the regulator and the public54

opinion.55

Unfortunately, a direct measurement of flowrate at the exit of combustion chamber56

is generally not possible, as the standardized method based on a grid of point veloc-57

ity measurements made with Pitot tubes (EN 16911/13 2013) is unfeasible due to the58

extremely high temperatures and harsh conditions of this section of the plant (Klopfen-59

stein Jr 1998). Even the aforementioned Directive 2010/75/EU, while stating that the60

residence time requires appropriate verification, does not provide indication on how61

such determination should be performed (St̊alnacke et al. 2008).62

In industrial practice, monitoring of residence time relies upon semi-empirical algo-63

rithms implemented in the Distributed Control System (DCS) that derive local vari-64

ables from measurements obtained downstream in the flue-gas cleaning line (Costa et al.65
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